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ABSTRACT 


An  experimental  investigation  of  the  effects  of  flat-plate  aspect  ratio 
on  both  laminar  and  turbulent  boundary -layer  separations  induced  by 
ramps  was  conducted  at  free-stream  Mach  numbers  of  6,  8,  and  10. 
Reynolds  numbers,  based  on  flat-plate  length,  ranged  from  0.  0G  million 
to  1.0  million  (laminar)  and  from  2.  G  million  to  9.  1  million  (turbulent) 
at  near-adiabatic  model  wall  conditions.  Local  Mach  number  on  the  flat 
plate  was  varied  by  pitching  the  laminar  model  at  all  free-stream  Mach 
numbers.  Longitudinal  surface  pressure  distributions  at  several  span- 
wise  stations  were  measured  to  define  the  lateral  pressure  gradients 
and  the  spanwise  variation  of  the  longitudinal  extent  of  the  separation 
region.  Data  are  presented  to  support  the  conclusion  that  for  a  flat  plate 
short  enough  (2.  5  in. )  to  achieve  laminar  flow  reattachment,  it  is 
required  that  the  flat-plate  aspect  ratio  be  of  the  order  of  3  to  be  assured 
of  negligible  effects  induced  by  the  finite  span.  Moreover,  the  results 
for  the  turbulent  flow  separation  model  (14  in.  flat-plate  chord)  at  Mach 
number  6  indicate  that  even  the  largest  span  model  tested  (28  in.)  was 
not  free  of  finite  span  effects  and,  therefore,  that  flat-plate  sections 
with  aspect  ratio  greater  than  2  may  also  be  required  for  turbulent 
separation  investigations.  Tabulated  data  are  also  presented  in  addition 
to  the  extensive  plotted  results. 
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SECTION  I 
INTRODUCTION 


Over  the  last  two  decades  a  considerable  number  of  experimental 
investigations  of  shock -wave -induced  separation  of  laminar  and  turbu¬ 
lent  boundary  layers  have  been  conducted  using  either  ramps  or  exter¬ 
nal  wedges  to  generate  the  pressure  rise.  1  lie  most  noteworthy  investi¬ 
gations  were  those  of  Gadd,  Holder,  anti  Regan  (Ref.  1)  and  Chapman, 
Kuehn,  and  Larson  (Ref.  2),  both  of  which  established  the  dominant 
influence  of  boundary -layer  transition  on  the  viscous  interaction  when 
it  occurs  during  flow  reattachment. 

Although  the  question  of  lateral  (spanwise)  outflow  from  the  inter¬ 
action  zone  was  considered  in  these  early  experiment;  1  investigations, 
no  direct  investigation  of  the  influence  of  aspect  ratio  (AR)  was  under¬ 
taken  until  the  experiments  of  Lewis  (Ref.  3)  at  =  4.  It  is  to  be 
noted  that  the  existence  of  two-dimensional  flow  is  crucial  to  a  satis¬ 
factory  evaluation  of  present  theories  for  supersonic,  adiabatic,  lami¬ 
nar  flow  separation  since  they  are  all  derived  assuming  the  lateral 
velocity  is  zero.  Lewis  found  that  the  centerline  pressure  distribution 
reached  a  limit  when  the  lateral  distance  between  vertical  end  plates 
was  made  equal  to  or  greater  than  the  distance  from  the  flat-plate  lead¬ 
ing  edge  to  the  ramp  hinge  line.  In  an  investigation  at  >  14,  Holden 
(Ref.  4)  actually  varied  the  flat  plate  aspect  ratio  as  well  as  that  corre¬ 
sponding  to  the  distance  between  end  plates,  and  he  found  that  a  limit 
was  reached  at  an  aspect  ratio  of  2.  However,  the  results  obtained 
by  Rhudy  (Ref.  5)  with  a  model  having  an  aspect  ratio  of  2.  2  indicated 
that  (1)  pitching  the  model  to  reduce  the  local  Mach  number  affected 
the  spanwise  flow  uniformity,  and  (2)  increasing  the  local  Mach  number 
beyond  6  (model  unpitched)  may  also  adversely  affect  the  uniformity. 

The  present  experimental  investigation  was  undertaken  to  define 
the  effects  of  (1)  local  Mach  number,  (2)  Reynolds  number,  and 
(3)  model  attitude  on  the  aspect  ratio  required  to  achieve  uniform  flow 
on  the  centerline  of  symmetry  and  which  would  be  equivalent  to  that 
obtained  with  an  infinite  span  flat-plate  and  ramp  combination.  The 
majority  of  the  experiments  were  conducted  using  a  one-piece  ramp 
model  designed  to  assure  the  separation  of  a  laminar  boundary  layer 
and  which  had  an  aspect  ratio  as  large  as  practical.  The  maximum 
aspect  ratio  was  fixed  by  choosing  a  flat-plate  length  equal  to  one  of 
those  used  by  Lewis  and  making  the  span  approximately  equal  to  the 
width  of  the  fairing  doors  in  the  continuous  flow  hypersonic  tunnels. 
Starting  with  an  aspect  ratio  of  11,2,  the  so-called  "laminar"  model 
span  was  successively  halved  (three  times)  at  the  conclusion  of  each 
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series  of  tests  at  free-stream  Mach  numbers  of  G,  8,  and  10.  More 
limited  tests  were  conducted  with  a  two-piece  model  designed  to  investi¬ 
gate  the  effects  of  aspect  ratio  and  Mach  number  on  a  turbulent  boundary- 
layer  separation.  Because  the  tests  were  conducted  at  hypersonic  Mach 
numbers,  it  was  necessary  that  the  flat  plate  be  over  a  foot  long  to  assure 
turbulent  flow  an  adequate  distance  upstream  of  the  adjustable  ramp 
(0  -  30  deg).  For  this  reason,  the  maximum  aspect  ratio  was  limited 
to  2,  and  it  was  only  halved  one  time  to  reduce  the  ratio  of  the  so-called 
turbulent  model.  It  should  be  noted  that  the  span  of  both  models  was 
considerably  less  than  the  inviscid  test  core,  except  at  M^  =  10  where 
they  were  nearly  equal. 

To  deduce  the  two-dimens ionalit\  of  th*'  flow,  the  longitudinal  sur¬ 
face  pressure  distribution  was  measured  at  several  spanwise  stations. 
From  these  data  it  was  possible  to  define  both  the  lateral  pressure  gradi¬ 
ents  and  the  quantitative  change  in  the  extent  of  the  interaction. 

*  S 

The  investigations  were  conducted  in  the  von  Karman  Gas  Dynamics 
Facility  (VKF)  50-in. -diam  Hypersonic  Wind  Tunnels  (B)  and  (C). 


SECTION  II 
APPARATUS 


2.1  MOOELS  AND  SUPPORTS 

Two  basic  models  were  designed  and  fabricated  by  AHDC.  One 
model  consisted  of  a  2.  5-in, -chord  flat  plate  with  a  fixed-angle  ramp 
(9.  5  deg)  with  a  chord  of  12  in.  This  model,  shown  installed  in  the  wind 
tunnel  in  Fig.  la,  was  used  only  for  the  investigations  of  laminar  flow 
separations  and  is  therefore  referred  to  as  the  laminar  model.  The 
other  basic  model.  Fig.  lb,  had  a  14-in.-chord  flat  plate  with  an  8-in.- 
chord  ramp  and  available  ramp  angles  of  30,  35,  and  45  deg.  This 
model  was  used  for  the  turbulent  investigation.  A  modification  of  the 
ramp  support  was  made  to  this  so-called  turbulent  model  which  extended 
the  ramp  chord  to  14  in.  and  provided  a  ramp  angle  of  9.  5  deg  for  use  in 
the  laminar  investigation.  One  row  of  0.093-in.  steel  balls,  spaced 
0.2  in.  apart  and  1. 25  in.  from  the  leading  edge,  was  used  to  induce 
transition  during  tests  with  the  larger  ramp  angles  (0  t  30  deg). 

Both  the  laminar  and  turbulent  models  were  designed  so  that  the 
original  28-in.  span  could  be  reduced  by  cutting  equal  amounts  from 
each  side.  This  provided  for  laminar  configurations  with  spans  and  aspect 
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ratios  of  28  in.  -  11.20,  14  in.  -  5.  GO,  7  in.  -  2.80,  3.4  in.  -  1.35,  and 
the  special  case,  using  the  turbulent  model,  of  28  in.  -  2.00.  The  turbu¬ 
lent  model  was  designed  for  two  spans  and  aspect  ratios:  28  in.  -  2,0 
and  14  in.  -1.0, 

Lower  surface  skirts  were  an  integral  part  of  all  configurations,  and 
removable  upper  side  plates  were  provided  for  each  configuration.  These 
upper  side  plates  were  designed  to  start  near  the  beginning  of  the  ramp- 
induced  interaction  and  extend  to  the  trailing  edge  of  the  ramp.  These 
side  plates  were  made  of  0.  020-in.  sheet  metal,  and  the  leading  edges 
were  beveled  approximately  45  deg.  A  general  sketch  of  all  configurations 
is  shown  in  Fig.  lc,  and  the  dimensions  for  each  are  given  below. 

MODEL  DIMENSIONS 


Configuration 

Aspect  1  atio* 

b,  in. 

xc,  in. 

l ,  in. 

0,  deg 

x,,,  in. 

h,  in. 

Laminar  Models 

11.20 

14.0 

2.  5 

12.  0 

!),  5 

1.0 

1.5 

5.  GO 

7.0 

2.  3 

12.0 

!).  5 

1.0 

1 . 5 

2.80 

3.  5 

2.  5 

12.0 

0.  5 

1.0 

1.5 

2.00 

14.0 

14.  0 

14.0 

i).  5 
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The  laminar  model  was  originally  instrumented  with  173  pressure 
taps  distributed  among  nine  longitudinal  rows  and  nine  thermocouples 
located  as  shown  in  Table  la  of  Appendix  I.  The  turbulent  model 
(xc  =  14  in.)  originally  had  130  pressure  taps  distributed  among  five 
longitudinal  rows  as  given  in  Table  lb,  Appendix  I. 

Because  of  limitations  of  the  pressure  measuring  systems  and  the 
absence  of  some  of  the  taps  after  the  model  had  been  cut,  only  a  portion 
of  these  taps  were  used  for  any  configuration.  The  instrumentation  rows 
used  and  the  corresponding  relative  spanwise  locations  for  each  configu¬ 
ration  are  given  in  Table  Ic,  Appendix  I.  All  of  the  pressure  taps  were 
0.  015-in.  ID  except  ten  on  the  laminar  model,  five  of  which  were 
0.  030-in,  ID  and  five  of  which  were  0.062-in.  ID.  These  larger  diam¬ 
eter  taps  were  used,  early  in  the  tests,  to  determine  if  the  orifice 
diameter  had  any  effect  on  either  the  response  time  or  the  precision  of 
measurement  in  the  region  of  separation.  These  checks  showed,  how¬ 
ever,  that  the  pressure  stabilized  as  quickly  with  the  0.015-in.  taps  as 
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with  the  larger  diameters ,  ;ind  that  tin-  measured  values  were  tin-  same. 
This  constant  staiiili/.at  ion  time  is  attributed  to  the  very  short  length  of 
small  diameter  (see  insert  in  l**in .  lc).  After  these  rheekH,  th"  large 
diameter  taps  were  no  longer  used.  The  thernuicouples  were  used  to 
monitor  the  geiier;d  level  of  model  surface  temperature  nine  were 
provided  for  the  laminar  model  and  six  for  the  turbulent  one. 

Moth  models  were  attached  to  model  mounting  equipment  (a  12-deg 
hent  stilly  in  most  cases)  In  an  offset  bracket  which  boltetl  to  the  lower 
surface  of  tin-  model  and  .d  igm-d  tin  uppe  r  surface  of  the  flat  plate 
parallel  to  the  centerline  of  tin  stuu*.  1‘h*  mounting'  equipment  pro¬ 
vided  for  flat  plate  pitch  angles  from  <»  to  2»  deg  and  for  vertical 
positioning  from  2.7  in.  In  low  the  tunnel  c  enterline  to  t.  2  in.  above 
centerline. 


2.2  INSTRUMENTATION 


Model  surface  pressures  were  measured  at  M*  -  <>  and  l!  with  l-psid 
transducers  on  the  forward  plate  and  15-psid  transducers  on  the  ramp. 

At  =  10,  1-  and  15-psid  transducers  were  switched  in  and  out  of  tin- 
system  automatically  to  allow  measuring  to  the  best  precision.  All 
transducers  were  referenced  to  near  vacuum. 

The  pitot  pressure  measurements  were  made  with  a  0.  020-tn. -high 
oval  probe  connected  to  a  15-psid  transducer  whic  h  had  a  variable  refer¬ 
ence  from  near  vacuum  to  atmospheric  pressure.  This  reference  pres¬ 
sure  was  measured  by  either  a  1  -  or  15-psid  transduc  er. 

From  repeat  calibrations  the  estimated  prec  ision  of  the  pressure 
measurements  was  ±0.  1  percent  of  transducer  ruling  except  for  (1) 
the  1-psid  transducers  at  M.  -  10.  where  the  precision  was  10.0002 
psia  or  ±1.0  percent,  whichever  was  greater,  and  (2)  the  pitot  pressure, 
where  the  precision  was  ±0.01  psia  or  tl.O  percent,  whichever  was 
greater. 

The  probe  drive  mechanism  allowed  the  probe  to  be  positioned  with 
an  estimated  precision  of  ±0.010  in.  in  the  x  direction.  ±0.003  in.  in 
the  y  direction  and  ±0.050  in.  in  the  z  direction. 

The  precision  of  the  temperature  measurements,  using 
Chrome]®- Alum  el®  thermocouples,  was  i2”l’c>r  10.  5  percent,  which¬ 
ever  was  greater.  Model  flow -field  shadowgraphs  (parallel  beam) 
were  obtained  during  all  tests.  High-speed  schlieren  motion  pictures 
(1000  frames  per  second)  were  taken  during  some  tests  with  the  turbu¬ 
lent  model. 
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2.3  WIND  TUNNELS 

The  tunnels  (Hypersonic  Wind  Tunnels  (B)  and  (C))  are  continuous, 
closed-circuit,  variable  density  wind  tunnels  with  axisymmetric,  con¬ 
toured  nozzles  and  50-in. -chain  test  sections.  Tunnel  B  was  operated 
at  a  nominal  Mach  number  of  G  or  H  at  stagnation  pressures  from  30 
to  2H5  and  from  50  to  000  psia,  respectively,  at  stagnation  temperatures 
up  to  1350“R.  Tunnel  C‘  was  o|>er:it<-d  at  a  nominal  Mach  number  of  10 
at  stagnation  pressure's  from  250  to  2000  psia  at  1!)00°H  stagnation 
temperature.  The  model  may  be  injected  into  the  tunnels  for  a  test  run 
and  then  retrac  ted  for  model  cooling  or  model  c  hanges  without  inter¬ 
rupting  the-  tunne  l  flow. 


SECTION  III 
PROCEDURE 


3.1  TEST  CONDITIONS  AND  METHODS 

The  tests  were  conducted  at  nominal  free -stream  Mach  numbers 
of  G.  B,  and  10  with  Reynolds  numbers,  based  on  the  length  to  the  hinge 
line,  from  0.0G  million  to  1.0  million  for  the-  laminar  configurations 
ami  2.  G  million  to  1  million  for  the  turbulent  configurations.  In  order 
to  reduce  the  fre  e -stream  Reynolds  number  below  that  obtained  during 
normal  tunnel  o|M-ration  at  M*  =  G,  some  runs  were-  made  with  the  still¬ 
ing  chamber  temperature  raised  to  approximately  1.5  times  the  normal. 
The  normal  tunnel  operating  conditions  are  shown  in  Figs.  2  through  4, 
and  the  conditions  at  which  the  present  tests  were  conducted  arc-  indi¬ 
cated  by  symbols. 

In  order  to  obta.n  local  Mach  numbers  on  the  flat  plate  lower  than 
free -stream  flow,  the  model  was  pitched  to  an  angle  of  attack,  o.  The 
ratios  used  to  calculate  the  local  inviscid  flow  conditions  (obtained  from 
the  graphs  in  Ref.  5)  are  listed  below. 

RATIOS  OF  LOCAL  TO  FREE  STREAM  CONDITIONS 


M*  (Nominal) 

o,  deg 

Mw/M. 

iVp. 

(P'r)w/(P/ i/). 

V T. 

G 

11. 0 

0.  75 

4.  1 

1. 50 

1.  G2 

8 

H.  H 

0.  75 

4.4 

1.  53 

1.  G8 

H 

1G.  5 

0.  5G3 

10.  7 

1.  33 

2.  75 

10 

5.  «.) 

0.  HO 

3.  G 

1.  52 

1.  53 

10 

12.4 

0.  (iO 

!».a 

1. 40 

2.  GO 
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As  stated  previously,  the  two  basic  models  were  designed  so  that 
equal  sections  could  be  cut  from  each  side  in  order  to  reduce  the  aspect 
ratio  (AR).  A  complete  range  of  Mach  numbers  and  Reynolds  numbers 
were  covered  using  the  full  span  (AR  =  11.2)  laminar  model,  and  then 
the  model  was  cut  to  half  span  (AR  =  5.  6).  This  procedure  was  repeated 
two  more  times  for  the  laminar  model.  This  same  procedure  was  used 
for  the  turbulent  model;  however,  because  of  the  flat- plate  size 
(2b  =  28  in.  and  xc  =  14  in. )  the  span  was  only  reduced  one  time.  This 
provided  for  aspect  ratios  of  2.0  and  1.0. 

Since  the  plate  length  of  the  turbulent  model  was  intentionally 
restricted  to  keep  the  maximum  aspect  ratio  as  large  as  possible, 
boundary -layer  trips  were  required  to  ensure  a  turbulent  profile  suf¬ 
ficiently  far  upstream  of  the  ramp  hinge  line.  Testing  of  the  turbulent 
model  was  begun  with  pitot  surveys  on  the  model  without  a  ramp  at 
M^,  =  8.  Inasmuch  as  these  data  indicated  that  the  profiles  were  at  best 
transitional,  subsequent  tests  were  only  conducted  at  =  6. 

Before  data  were  recorded,  the  model  was  injected  into  the  tunnel 
and  allowed  to  soak  until  nominal  equilibrium  of  the  model  surface  tem¬ 
peratures  was  attained.  In  general  these  temperatures  were  of  the  order 
of  0.  92  T^  at  Mach  number  6,  0.  90  T^  at  Mach  number  8,  and  0.  78  at 
Mach  number  10. 

Before  injection  into  the  tunnel,  the  model  was  adjusted  for  zero 
roll  to  within  ±0.  1  deg  using  an  inclinometer.  After  the  model  was 
injected  into  the  airstream  and  allowed  to  reach  the  equilibrium  wall 
temperature,  zero  pitch  was  set  to  within  ±0.  05  deg  using  an  optical  level 
and  a  scribe  line  on  the  model.  All  other  pitch  angles  were  set  to  within 
±0.  1  deg  using  the  standard  tunnel  pitch  mechanism.  Model  leading-edge 
yaw  was  checked  on  each  installation  and  found  to  be  within  ±0.  1  deg. 

During  the  early  stages  of  the  laminar  investigation  at  each  Mach 
number,  checks  were  made  to  determine  the  best  position  of  the  model, 
relative  to  the  wind  tunnel  centerline,  for  obtaining  uniform  flow.  As 
stated  previously,  the  model  mounting  equipment  allowed  the  model  to 
be  positioned  from  2.  7  in.  below  to  3.2  in.  above  the  tunnel  centerline, 
and  the  model  could  be  mounted  either  with  the  instrumented  surface  up 
or  down.  While  there  appeared  to  be  little  or  no  effect  of  varying  the 
model  position  at  M^  =  8  or  10,  it  was  determined,  from  the  repeat¬ 
ability  and  uniformity  of  the  data  as  well  as  from  tunnel  empty  calibration 
data  that  the  highest  quality  data  were  obtained  when  the  model  was 
either  above  or  below  the  tunnel  centerline  at  M^  =  6.  All  subsequent 
data,  at  M^,  =  6,  were  obtained  with  the  model  positioned  2.  7  in.  above 
the  centerline  with  the  instrumented  surface  up. 
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3.2  SCOPE  OF  RESULTS 

In  order  to  investigate  the  effects  of  local  Mach  number,  Reynolds 
number,  model  attitude,  and  aspect  ratio,  several  configurations  differ¬ 
ing  only  in  aspect  ratio  were  tested  over  a  wide  range  of  free -stream 
Mach  numbers  and  Reynolds  numbers.  Data  were  obtained  with  the  same 
model  both  unpitched  and  pitched  but  at  the  same  local  Mach  number  and 
Reynolds  number.  A  complete  summary  of  the  test  matrix  for  the  lami¬ 
nar  configurations  is  given  in  Table  II,  Appendix  I,  and  the  tabulated 
data  for  the  11.  2  aspect  ratio  configuration  are  given  in  Appendix  II. 

A  45 -deg  ramp  angle  was  tested  first  on  the  turbulent  model,  since 
it  was  desired  that  the  separation  zone  not  be  negligible.  It  was,  in  fact, 
so  large  that  separation  occurred  upstream  of  the  pressure  taps  and  in 
a  region  where  the  boundary  layer  was  in  the  early  stages  of  transition. 

A  30-deg  ramp  was  tested  next  and  found  to  produce  only  a  small  sepa¬ 
ration  zone.  Therefore,  the  3 5 -deg  ramp  was  finally  tested  and  found 
to  be  satisfactory.  A  complete  summary  of  the  test  matrix  for  the 
turbulent  investigation  is  given  in  Table  III  of  Appendix  I,  and  tabulated 
surface  pressure  data  for  the  30-  and  35-deg  ramp  configurations  are 
given  in  Appendix  II. 

3.3  UNCERTAINTIES  OF  THE  DATA 

An  evaluation  of  the  influence  of  random  measurement  errors  is  pre¬ 
sented  in  this  section  to  provide  a  partial  measure  of  the  precision  of  the 
results  contained  in  this  report.  No  evaluation  of  the  systematic  meas¬ 
urement  error  (bias)  is  included  here.  Therefore,  the  precision  of  the 
test  results  was  estimated  using  the  estimated  instrumentation  precisions 
quoted  in  Section  II,  and  the  uncertainties  in  free-stream  conditions  given 
below,  considering  that  the  propagation  of  these  independent  measurement 
errors  is  closely  approximated  by  a  Taylor's  series  expansion. 

The  estimated  uncertainties  in  free-stream  Mach  number  (based  on 
repeat  calibrations)  and  stagnation  pressure  are  presented  below  along 
with  the  corresponding  estimates  of  the  precision  of  pertinent  free- 
stream  conditions. 

PERCENTAGE  (±)  OF  UNCERTAINTIES  IN  FREE-STREAM  CONDITIONS 
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0.2 

0. 
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The  estimated  random  errors  in  the  surface  pressure  measurements 
are  presented  below  in  terms  of  the  ratio,  p/pw,  for  both  the  flat  plate 
and  ramp  because  of  the  significant  differences  in  pressure  at  all  test 
conditions.  The  ranges  quoted  correspond  to  those  at  maximum  free- 
strcam  stagnation  pressure  and  to  those  at  the  minimum  pressure, 
values  of  which  are  presented  in  Section  3.1. 

PERCENTAGE  (±)  OF  UNCERTAINTIES  IN  SURFACE  PRESSURE  RATIO,  p/pw* 


IVT 

0  <  x/ 

xc  <  1 

1  <  x/ 
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11.0 

8 
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1.4 

20.0 

3.  3 

55.  5 

G 

1.6 

4.  7 

1.  9 

18.  0 

4.  5 

1.3 

2.3 

1.5 

10.4 

10 

10 

1.4 

4.2 

3.  2 

1.4 

8 

3.  0 

3.  0 

2.6 

2.3 

G 

2.  9 

2.  9 

2.  1 

2.7 

j'c 

'’’The  estimated  uncertainty  in  the  oblique  shock  pressure 
ratio,  pw/p®,  was  found  to  vary  from  1.  0  to  1.  9  percent  using 
the  uncertainties  quoted  for  M®  and  ±0.  1  deg  for  the  deflection 
angle. 

The  estimated  maximum  uncertainty  in  surface  pressure  coefficient 
for  the  turbulent  model  at  x/xc»  1  is  ±2.  6  percent. 

The  uncertainties  associated  with  the  pitot  pressure  surveys  wer^ 
estimated  for  the  condition  of  maximum  stagnation  pressure  and  for 
the  appropriate  local  conditions  ranging  from  those  at  the  boundary- 
layer  edge  to  those  at  the  surface.  They  are  listed  below. 


PERCENTAGE  (±)  OF  UNCERTAINTY  IN  PITOT  PROBE  DATA 
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Fig.  4  Free-Stream  Total  Temperature  as  a  Function  of  pt-  for  M_  =  8 


SECTION  IV 
RESULTS 


4.1  LAMINAR  FLOW  MODEL 

4.1.1  Influence  of  Reynolds  Number  and  Mach  Number 

In  order  to  demonstrate  that  a  laminar  flow  reattachment  could  be 
obtained  on  the  laminar  model,  this  investigation  was  conducted  over  a 
wide  range  of  Reynolds  numbers  at  free-stream  Mach  numbers  of  6,  8, 
and  10.  The  information  used  to  judge  if  the  boundary  layer  was  lami¬ 
nar  through  reattachment  was:  (1)  the  location  of  the  start  of  transition 
determined  from  shadowgraph  photographs,  and  (2)  the  change  in  the 
centerline  pressure  distribution  as  Reynolds  number  was  increased  at  a 
constant  Mach  number  (Ref.  3). 

Shadowgraph  pictures  for  Mw  =  M,  =  6  at  four  Reynolds  numbers 
are  shown  in  Fig.  5  with  the  estimated  value  for  the  onset  of  boundary- 
layer  transition  indicated  thereon.  These  photographs  show  that  as 
the  Reynolds  number  was  increased  from  0. 13  to  0.  50  million,  the 
location  of  the  start  of  transition  moved  forward  on  the  ramp,  but 
appears  to  always  have  been  well  downstream  of  reattachment  (assumed 
to  be  upstream  of  2xc).  These  transition  locations  are  compared  in 
Fig.  6  with  an  estimated  curve  for  the  onset  of  boundary -layer  transition 
on  a  flat  plate  which  was  derived  from  data  in  Ref.  6.  Because  the  re¬ 
sults  in  Ref.  6  correspond  to  the  end  of  transition,  it  was  necessary  to 
reduce  the  values  by  50  percent*  in  order  to  correspond  to  the  condition 


'Pitot  survey  data  in  Ref.  6  indicate  that  the  minimum  pitot  pres¬ 
sure  occurs  at  no  less  than  50  percent  of  the  location  of  the  maximum. 
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of  interest  in  this  work.  'I'his  figure  indicates  that  the  ramp  deflection 
(!).  5  (ley;)  caused  transition  to  occur  much  earlier  than  estimated  for  a 
flat  plate  (about,  all  pem  nf)  but  that  it  was  never  further  upstream  than 
x  =4.  !)  in.  (x/x  -  1.  ltd)  in  this  investigation  (Rec  =1.0  million).  It  was 
obsor\  ed  that,  within  the  uncertaintx  in  reading  the  shadowgraphs,  the 
location  of  the  onset  of  transition  at  all  test  conditions  investigated  is 
well  represented  by  the  data  in  Mg.  0  based  upon  local  flow  conditions, 
Mw  and  (u/r)w. 

The  centerline  pressure  distribution  for  the  11.2  aspect  ratio 
model  at  Mw  =  =  (i  and  several  Reynolds  numbers  is  shown  in  Fig.  7. 

These  data  show  that  as  Reynolds  number  was  increased,  the  pressure 
gradient  and  maximum  pressure  ratio  on  the  ramp  were  increased  and, 
most  importantly,  tin-  extent  of  the  interaction  on  the  flat  plate  increased. 
However,  except  at  the  lowest  Reynolds  number  where  there  is  little  or 
no  separation  indicated,  the  maximum  pressure  ratio  on  the  flat  plate 
(sometimes  referred  to  as  the  "plateau  pressure")  remained  constant. 

The  trend  of  an  upstream  movement  of  the  beginning  of  the  interaction 
for  increased  Reynolds  number  is  sufficient  evidence  of  the  existence 
of  laminar  flow  through  reattachment  (Ref.  3)  for  the  entire  Reynolds 
number  range  shown  in  Fig.  7.  The  location  of  the  onset  of  transition, 
based  on  Fig.  6,  is  also  well  downstream  of  the  probable  reattachment 
location. 

Longitudinal  pressure  distributions  for  Mw  =  =  8  are  presented 

in  Fig.  8  for  three  spanwise  locations  (z/b  =  0,  0.  66  and  0.  91)  on  the 
11.  2  aspect  ratio  model  in  order  to  show  that  the  general  trends  observed 
on  the  centerline  of  symmetry  are  preserved  to  the  vicinity  of  the  tips. 

It  may  be  noted,  however,  that  there  were  significant  changes  in  the 
level  of  the  distributions  off  centerline  (see  Figs.  8b  and  c)  at  a  fixed 
Reynolds  number. 

Centerline  pressure  distributions  obtained  at  Mw  =  =  10  for  the 

range  of  Reynolds  number  investigated  arc  presented  in  Fig.  9.  These 
data  also  exhibit  the  trend  which  is  characteristic  of  laminar  flow 
reattachment.  It  may  be  noted  that  at  Rec  =  0.06  million,  the  upstream 
influence  (i.  e.  ,  the  start  of  the  interaction)  was  not  much  more  than 
10  percent  of  the  flat-plate  length,  whereas  the  length  required  to 
achieve  the  overall  ramp  pressure  rise  was  essentially  unchanged  from 
that  required  at  Rcc  =0.5  million. 

The  effects  of  Mach  number  on  the  longitudinal  (centerline)  distri¬ 
bution  at  a  low  and  a  high  Reynolds  number  are  illustrated  in  Fig.  10. 

It  is  evident  from  these  data  that  although  there  were  no  drastic  changes 
in  the  characteristic  pressure  distribution,  the  upstream  influence  of  the 
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ramp  decreased  with  Mach  number  increase.  These  results  also  show 
the  ramp  pressure  gradient  (as  well  as  the  maximum  gradient  on  the 
flat  plate)  to  be  a  relatively  weak  function  of  Mach  number.  It  is  per¬ 
haps  more  apparent  in  these  figures  that  the  ramp  is  the  most  sub¬ 
stantially  affected  by  the  viscous  interaction  and  that  the  extent  of  it 
increases  with  Mach  number. 

A  summary  of  the  data  in  terms  of  the  relative  extent  of  the  inter¬ 
action  on  the  flat  plate  is  presented  in  Fig.  11  to  show  simultaneously 
the  effects  of  Reynolds  number  and  Mach  number.  All  of  the  data 
follow  the  same  general  trend  with  Reynolds  number  but  over  a  much 
wider  range  than  heretofore  shown  (e.  g. ,  data  in  Ref.  3  were  judged 
transitional  at  Rec  «  0.  3  million). 
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Fig.  10  Effect  of  Mach  Number  on  Centerline  Pressure  Distributions 
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4.1.2  Influence  of  Angle  of  Attack 

In  order  to  obtain  a  lower  than  free-stream  local  Mach  number, 
tests  were  made  with  the  model  pitched  at  free-stream  Mach  numbers 
of  G,  8,  and  10.  The  tunnel  stilling  chamber  conditions  and  model  atti¬ 
tude  were  adjusted  so  that  matching  local  Reynolds  numbers  were  ob¬ 
tained  for  Mw  =  4.  5  at  M^,  =  G  and  8,  for  Mw  =  G  at  M,,,  =  G,  8,  and  10, 
and  for  Mw  =  8  at  Ms  =  8  and  10.  The  pitch  angles  used  to  obtain  the 
desired  local  Mach  numbers  and  the  ratios  between  local  and  free- 
stream  conditions  may  be  found  in  Section  3.  1. 

Centerline  pressure  distributions  for  the  11,2  aspect  ratio  model 
at  free-stream  Mach  numbers  of  6  and  8,  pitcho  '  to  obtain  Mw  =  4.  5 
and  Rec  =  0.  19  million  are  shown  in  Fig.  12.  Although  these  data  were 
taken  at  the  same  local  conditions,  they  show  major  differences  in  the 
extent  of  interaction  scale  on  the  flat  plate  and  in  the  peak  pressure  ratio 
on  the  ramp.  Measurements  taken  at  M^  =  6  with  the  model  at  zero  angle 
of  attack  but  located  above  or  below,  the  tunnel  centerline  yielded  a  sig¬ 
nificantly  greater  (10  percent)  upstream  extent  than  that  obtained  when 
the  model  was  located  on  the  tunnel  centerline.  This  discrepancy  at  a  -  0 
was  felt  to  be  caused  by  free-stream  flow  nonuniformities  (which  are 
a  maximum  on  the  centerline)  and  which  can  cause  substantial  changes 
in  the  model  pressure  distributions  with  the  model  pitched.  However, 
it  is  considered  that  the  most  reasonable  explanation  for  the  decrease 
is  associated  with  the  lower  overall  pressure  rise,  because  the  scale 
of  the  upstream  influence  decreases  with  decreased  overall  pressure 
rise  (i.  e. ,  an  effective  decrease  in  ramp  angle).  Data  obtained  for 
Mw  ■  6  at  M,  e  6,  8,  and  10 (Fig.  13)  show  much  hottc"  ^r^oment  than 
the  data  for  =  4.  5.  In  this  case,  the  =  6  data  were  obtained  at 
a  •  0  with  the  model  positioned  2,  7  in.  above  the  tunnel  centerline. 

The  extent  of  the  interaction  on  the  flat  plate  did,  however,  decrease 
slightly  as  free-stream  Mach  number  was  increased.  The  spanwise 
distributions  at  several  longitudinal  stations  (Figs.  13b  and  c)  show 
no  significant  differences  at  different  free-stream  Mach  numbers.  The 
model  centerline  pressure  distributions  obtained  for  Mw  =  8  at  M„,  =  8 
and  10  (Fig.  14)  show  a  similar  small  sensitivity  to  a  change  in  free- 
stream  Mach  number,  as  that  obtained  for  Mw  3  6. 

A  summary  of  the  data  in  terms  of  the  relative  extent  of  the  inter¬ 
action,  (xc  -  x-)/xc<  as  a  function  of  Reynolds  number  is  presented  in 
Fig.  15  for  both  the  pitched  (symbols)  and  unpitched  (curves)  model 
attitudes.  These  data  for  a  given  local  Mach  number,  Mw,  show  that  as 
M.  was  increased  a  general  decrease  in  the  interaction  length  was  ob¬ 
tained  over  the  entire  Reynolds  number  range.  The  one  exception  to 
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this  trend  occurred  for  Mw  =  ^  at  Rec  =  0.  75  million.  The  decrease 
in  interaction  length  with  an  incr^se  in  Reynolds  number  at  Mw  =4.5 
is  indicative  of  transitional  re:  .nent  at  Rec  >0,5  million. 

Data  from  several  runs  with  the  model  pitched  and  unpitched  are 
shown  in  Fig.  1G  as  a  function  of  the  hypersonic  viscous  interaction 
parameter,  The  a  =  0  data  show  reasonable  agreement  with  the  weak 
interaction  formula  of  Ref.  7,  and  are  fairly  uniform.  The  pitched  data 
(a  0)  show  somewhat  more  scatter  than  the  unpitched  data  and  are  in 
poorer  agreement  with  the  theory  at  X  >  1.  G. 

Estimates  of  the  inviscid  pressure  rise  were  made,  for  the  assumed 
flow  model  shown  in  Fig.  17,  to  illustrate  the  differences  which  might 
exist  on  a  9.  5-dcg  ramp  when  pitching  the  model  to  vary  the  Mach  num¬ 
ber  on  the  flat  plate.  The  results  (Fig.  17)  show,  for  a  given  local  Mach 
number,  that  increasing  the  free-stream  Mach  number,  M,,,,  can  cause 
the  peak  ramp  pressure  ratio,  p3/p1,  to  be  significantly  less  than  the 
isentropic  (maximum)  ratio.  Because  of  the  requirement  for  constant 
pressure  across  the  slip  line,  these  results  indicate  that  an  expansion 
fan  should  exist  downstream  of  zone  2  and  that  its  strength  depends  on 
both  the  free-stream  Mach  number  and  the  local  flat-plate  Mach  number. 
Shadowgraph  pictures  which  show  the  slip-line  dividing  zones  3  and  4 
are  presented  in  Fig.  18  for  a  range  of  pitch  attitudes  and  Mach  numbers. 
It  is  also  evident  from  these  pictures  that  the  expansion  fan  would  be 
situated  relatively  near  the  hinge  line  (e.g. ,  of  the  order  of  length  xc 
downstream),  and  could  thus  have  an  influence  on  the  overall  pressure 
i  ise  achieved. 

A  comparison  of  the  experimental  results  with  the  theoretical  maxi¬ 
mum  pressure  ratio  is  presented  in  Fig.  19.  Because  the  "peak"  pres¬ 
sure  ratio  measured  on  both  pitched  and  unpitched  models  exceeded  that 
corresponding  to  the  actual  ramp  angle  (0  =  9.  5  deg),  two  additional 
deflection  angles  were  included  to  show  the  magnitude  of  the  discrepancy. 
In  addition,  a  so-called  asymptotic  value  (see  sketch  in  figure)  pertinent 
only  to  the  pitched  data  was  included.  This  latter  ratio  should  approach 
the  values  given  in  Fig,  17,  for  P3/P1,  which  it  is  noted  to  do,  generally. 
These  data  indicate  that  the  effective  ramp  angle  was  about  one-half  de¬ 
gree  greater  than  the  actual  angle,  and  this  is  presumed  to  be  a  result 
of  a  displacement  thickness  induced  flow  deflection  on  the  ramp.  One 
last  point  which  these  last  three  figures  raise  is  the  probability  that 
the  reduction  in  scale  of  upstream  influence  (shown  especially  in  Fig.  14) 
observed  with  the  model  pitched  could  very  likely  have  been  caused  by  a 
reduction  in  the  overall  pressure  rise  (see  the  discussion  of  theoretical 
results  in  Section  4.  1.4). 
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Fig.  17  Effects  of  Pitch  on  the  Theoretical  Isentropic  and  Oblique 
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4.1.3  Influanea  of  Aapact  Ratio 

As  stated  previously,  the  primary  objective  of  this  investigation  was 
to  determine  the  aspect  ratio  (2b/  xc)  required  to  obtain  two-dimensional 
flow  on  a  model  which  had  a  boundary-layer  separation  that  was  laminar  . 
through  reattachment.  This  was  accomplished  by  reducing  the  span  of  the 
model  several  times  and  testing  over  the  same  range  of  Mach  numbers  and 
Reynolds  numbers  with  each  model.  Typical  effects  of  aspect  ratio  on 
the  longitudinal  and  s panwise  pressure  distributions  at  Mach  numbers 
6,  8,  and  10  are  illustrated  by  the  data  shown  in  Figs.  20  through  22. 

The  centerline  pressure  distributions  for  the  two  aspect  ratios  in¬ 
vestigated  at  Mw  =  6  and  Rec  =  0. 19  million  (Fig.  20a)  were  not  changed 
when  the  aspect  ratio  was  reduced  from  11. 2  to  5.  6.  In  addition,  the 
spanwise  pressure  distributions,  at  several  chordwise  stations  (Figs.  20b 
and  c)  show  nearly  uniform  pressure  ratio  on  both  models  to  within  about 
three  inches  of  the  outboard  edge.  Data  obtained  for  four  aspect  ratios 
at  Mw  s  8  and  Rec  =  0. 19  million  (Fig.  21a)  indicate  that  the  changes 
were  perhaps  the  greatest  and  most  consistent  on  the  flat  plate  in  the 
separation  region  when  the  aspect  ratio  was  reduced  to  1.4.  Comparison 
of  the  off- centerline  chordwise  pressure  distributions  for  he  11.2  and 
1.4  aspect  ratio  models.  Fig.  21b,  indicate  a  large  span  of  two- 
dimensional  flow  on  the  11. 2  model  since  the  data  for  z/b  *  0.  66  are 
essentially  the  same  as  z  *  0  (Fig.  21a).  A  similar  chordwise  location 
on  the  AR  «  1.4  model  (z/b  s  0. 59)  shows,  however,  a  distinct  disagree¬ 
ment  with  the  reference  curve  in  the  region  upstream  of  the  hinge  line 
(x  <  xc).  This  spanwise  variation  of  the  surface  pressure  on  the  1. 4 
aspect  ratio  model  is  more  clearly  shown  in  Figs.  21c  and  d.  These 
figures  show  that  with  the  data  plotted  versus  spanwise  location  at  con¬ 
stant  x/xc  values  the  effects  of  the  tip  proximity  were,  as  in  the  Mw  =  6 
case,  restricted  to  a  region  approximately  3  to  4  in.  inboard.  These 
data  also  show  that  for  AR  <2.8  there  was  essentially  no  region  of  uni¬ 
form  pressure  in  the  spanwise  direction.  The  centerline  and  spanwise 
pressure  distributions  for  Mw  *  10  and  Rec  *  0. 25  million  (Fig.  22) 
indicate  the  same  lack  of  a  finite  span  of  two-dimensional  flow  when  the 
aspect  ratio  was  reduced  to  2. 8. 

The  spanwise  variations  in  the  relative  extent  of  the  upstream  inter¬ 
action  with  aspect  ratio  at  each  Mach  number  and  Rec  =  0. 19  million  are 
shown  in  Fig.  23  as  a  function  at  both  the  relative  spanwise  location, 

|z  -  bl/b,  and  the  absolute  spanwise  location,  |z  -  bl.  These  data  clearly 
show  (especially  Fig.  23b)  that  the  edge  effect,  i.  e. ,  decrease  in  inter¬ 
action  length  because  of  outflow,  is  manifest  inboard  a  constant  absolute 
distance  regardless  of  the  aspect  ratio  and  is  not  a  function  of  the  relative 
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soanw'sr  location.  Tin*  data  f<  r  all  three  Mach  numbers  indicate  that  the 
imiiiimim  seinispan  for  a  model  with  a  flat-plate  chord  of  2.  5  in,  should 
be  at  least  4  in.  From  these  and  other  data,  it  ib  concluded  that  the 
2.  H  aspect  ratio  model  (b  -  :i.  5  in.)  was  a  borderline  case  for  obtaining 
two-dimensional,  laminar  separation.  Further  evidence  for  the  above 
conclusion  is  presented  in  another  form  in  Figs.  24  and  25.  The  change 
in  tin-  centerline  interaction  length  with  a  change  in  aspect  ratio  for 
Mw  -  il  and  10,  Fig.  24,  shows  again  that  the  2.8  aspect  ratio  model  was 
a  marginal  configuration.  In  fact,  the  data  at  M*  =  8  show  quite  un¬ 
expectedly  that  at  Hec  ‘  0,  25  million  the  interaction  length  on  the 
5.  <>  aspect  ratio  model  was  greater  than  on  the  11.  2  aspect  ratio  model. 
When  the  centerline  interaction  lengths  for  these  two  aspect  ratios  are 
presented  as  a  function  of  Hec,  as  in  Fig.  25  for  Mw  =  6,  8,  and  10,  the 
data  indicate  that  the  problem  of  obtaining  two-dimensional  flow  is  not 
only  a  function  of  aspect  ratio,  but  is  also  dependent  on  Mach  number 
and/or  Reynolds  number.  Note  the  divergence  of  the  extent  of  the  inter¬ 
action  for  the  5.  6  aspect  ratio  model  from  that  of  the  11.2  model  with 
either  an  increase  in  Rec  at  Mw  =  6  and  8  or  for  a  decrease  in  Mw  at  a 
constant  Reynolds  number  (Rec  ^  0.  1  million). 

In  order  to  investigate  further  the  factors  influencing  uniform,  two- 
dimensional  flow,  selected  test  conditions  for  all  aspect  ratios  were 
repeated  with  a  set  of  upper  surface  side  plates  installed  at  the  outboard 
edges.  Typical  results  from  this  investigation  are  shown  in  Figs.  26 
and  27  for  aspect  ratios  of  11.  2,  2.  8,  and  1.4  af  Mw  *  8  and  Rec  -  0.  19 
million.  The  chordwise  pressure  distributions,  xg.  26,  show  that  when 
the  model  was  wide  enough  to  obtain  two-dimensional  flow  on  centerline 
without  side  plates  (aspect  ratio  of  11.2,  Fig.  26a),  the  only  measurable 
effect  of  the  side  plates  was  to  increase  the  pressure  level  on  the  out¬ 
board  row.  It  is  noted  that  the  pressure  level  of  the  outboard  row  with 
the  side  plates  installed  was  generally  above  even  that  of  the  centerline 
row  with  or  without  side  plates.  In  the  case  of  the  1.  4  aspect  ratio  model, 
which  had  no  two-dimensional  flow  without  side  [dates,  the  effect  of  the 
side  plates  was  to  increase  the  pressure  level  and  the  extent  of  the  inter¬ 
action  on  the  entire  flat  plate  even  beyond  that  measured  on  the  centerline 
of  the  11.2  aspect  ratio  model.  The  spanwise  pressure  distributions  at 
several  values  of  x/xc  are  shown  in  Fig.  27,  and  indicate  the  same 
general  trends  as  did  the  chordwise  data.  It  is  therefore  evident  from 
this  investigation  that  the  narrowest  semispan  model,  with  a  flat-plate 
chord  of  2.  5  in. ,  on  which  two-dimensional,  laminar,  separated  flow 
can  be  obtained  is  about  4  in.  It  is  also  concluded  that,  although  the 
installation  of  upper  surface  side  plates  helps  to  determine  if  the  flow 
is  two  dimensional  on  the  centerline  without  them,  they  cannot  be  used 
to  obtain  two-dimensional  flow  on  a  model  that  is  otherwise  too  narrow. 
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A  special  model  was  fabricated  to  study  the  influence  of  the  flat- 
plate  length  on  the  capability  of  obtaining  two-dimensional  laminar 
separation.  This  model  had  a  flat- plate  chord  of  14  in.  and  a  span  of 
28  in.  which  results  in  an  aspect  ratio  less  than  that  needed  for  two- 
dimensional  flow  on  the  2.  5-in, -chord  model;  it  must  be  remembered 
that  it  was  concluded  that  the  edge  effects  were  manifest  inboard  a 
fixed  amount  (4  in.)  and  were  therefore  not  directly  scaled  by  the  aspect 
ratio.  Because  of  the  longer  chord  length,  the  data  at  Rec  =  0.  5  million 
was  the  minimum  that  could  be  obtained  on  this  model.  The  centerline 
pressure  distributions  obtained  with  this  model  at  Mw  =  G,  Rec  =0.5 
and  0.  75  million  (with  the  model  pitched  at  =  8)  are  compared  in 
Fig.  28  with  the  data  from  the  2.  5-in. -chord  model  for  aspect  ratios  of 
1.4  and  2.  8.  These  data  show  that  the  14-in.-chord  model  had  a  much 
steeper  pressure  gradient  on  the  ramp  than  either  the  2.  8  or  the  1.4 
aspect  ratio  models,  and  that  the  flat -plate  pressure  distribution  closely 
approximated  that  of  the  1.4  aspect  ratio  model.  Because  of  the  much 
longer  flat  plate,  the  location  of  boundary -layer  transition,  as  shown  in 
Fig.  28a,  was  much  farther  upstream,  relative  to  flat-plate  length, 
than  on  the  2.  5 -in. -chord  models.  Shadowgraph  pictures  of  the  flow 
during  reattachment  on  the  14-in, -chord  model  and  the  2.  S^in. -chord 
model  at  Mw  =  8  which  are  presented  in  Fig,  29d  also  illustrate  the 
substantial  differences  in  transition  location.  As  with  the  2.  5-in, 
model,  the  actual  transition  location  indicated  for  9  =  9.  5  deg  is  shown 
to  have  been  upstream  of  that  for  0  =  0.  It. is  commonly  accepted  that 
a  transitional  reattaching  boundary  layer  v,  ill  cause  the  length  of  the 
interaction  on  the  flat  plate  to  decrease  from  that  obtained  with  a  lami¬ 
nar  reattaching  boundary  layer  at  the  same  Reynolds  number.  The 
inference  then  is,  that  the  reduced  interaction  length  obtained  on  the 
14-in.  chord  was  not  necessarily  caused  by  the  non-two-dimensional 
flow  but  was,  more  probably  caused  by  boundary -layer  transition  during 
reattachment. 

The  centerline  pressure  distributions  for  the  same  three  models 
described  above  but  at  Mw  =  =  8  and  Rec  =  0.  5  million.  Fig.  29a, 

show  the  same  trends  as  the  Mw  =  6  data.  The  spanwise  data  at  several 
chordwise  stations  (Figs,  29b  and  c),  contrary  to  the  previous  con¬ 
clusions,  indicate  that  the  distance  over  which  the  edge  effects  are 
manifest  was  not  the  same  as  for  the  shorter  models.  In  fact,  within 
the  interaction  pressure  rise  (x/xc  =  0.  8)  the  edge  effects  appear  to 
have  extended  all  the  way  to  the  model  centerline.  This  spanwise 
variation  on  the  14 -in.  chord  model  may  well  be  in  part  a  result  of 
nonuniform  spanwise  transitional  reattachment. 
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4.1.4  Comparisons  with  Theory  and  Published  Data 
4. 1.4.1  Correlations  of  Pressure  Data  at  x  <  xe 

The  net  peak  pressure  rise,  (pc  -  p-J/p^.  measured  on  the  flat 
plate  (x  £  xc)  is  a  parameter  of  some  interest  because  (1)  it  is  a 
partial  measure  of  the  loading  induced  by  the  separation,  and  (2)  of 
the  data  obtained  during  the  many  investigations  of  flow  separation, 
it  is  the  only  parameter  derived  from  pressure  measurements  which 
exhibits  reasonable  correlation  when  plotted  versus  the  Reynolds  num¬ 
ber,  Reg.  It  was  demonstrated  first  in  Ref.  2  that  this  pressure  rise 
varied  inversely  with  Regl/4  for  a  wide  variety  of  configurations  as 
long  as  there  was  a  substantial  plateau  in  the  pressure  distribution  up¬ 
stream  of  the  corner.  Moreover,  it  was  also  demonstrated  that  this 
pressure  rise,  when  expressed  as  a  pressure  coefficient  varied  in¬ 
versely  with  the  Mach  number  function,  (Mw^  -  1)1/4^  range 

1  »  Mw  *3.6.  Data  for  a  wider  range  of  Mach  numbers  were  examined 
in  Ref.  8  and  found  to  correlate  according  to 


CPc  Reg 4  =  1.56(MV 


-  1) 


— o .  r  s  2 


(1) 


The  plateau  pressure  coefficient  (Cp^)  of  Ref.  8  has  been  redefined 

herein  to  be  Cpc  (pressure  coefficient  at  the  corner)  because  of  the 

absence  of  a  substantial  plateau  in  the  present  data.  In  the  presence  of 
a  true  plateau,  the  two  values  would  be  identical  (Cpc  =  Cp^). 

Data  obtained  during  this  investigation  are  compared  with  Eq.  (1) 
in  Fig.  30,  and  it  is  obvious  that  the  present  data  do  not  correlate 
with  previous  results  at  Mw  >  6  and/or  Reg  ~  0.  2  million.  This  is  un¬ 
doubtedly  related  to  the  absence  of  a  pressure  plateau  under  such  condi¬ 
tions  (for  example,  the  longitudinal  pressure  distribution  obtained  at 
Mw  =  6,  Rec  =  0.  13  x  10^  and  shown  on  the  lower  half  of  Fig.  30). 

Since  the  only  data  of  this  investigation  which  fit  the  pressure  plateau 
correlation  (Eq.  (1))  are  those  which  are  most  likely  transitional  during 
flow  reattachment,  and  since  essentially  none  of  the  previously  published 
data  meet  the  accepted  criteria  for  laminar  flow  reattachment,  it  must 
therefore  be  concluded  that  the  present  data  support  the  conjecture  of 
Ref.  9  that  a  pressure  plateau  is  characteristic  of  transitional  reattach¬ 
ing  adiabatic  flows  at  supersonic  and  hypersonic  speeds. 

It  is  interesting  to  note  that  for  these  data  the  ratio  of  the  pressure 
at  the  corner  to  the  inviscid  wedge  pressure  (Pc/Pw)  was  found  to  be  pri- 
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marily  dependent  on  the  local  inviscid  Mach  number  (Mw)  and  insensitive 
to  an  increase  in  local  Reynolds  number. 

Because  the  flow  in  the  neighborhood  of  separation  is  governed  by  a 
coupled  interaction  between  the  boundary  layer  and  the  external  super¬ 
sonic  flow,  the  surface  pressure  distribution  in  this  so-called  "free- 
interaction"  region  follows  a  law  of  similarity  deduced  first  in  Ref.  2 
for  adiabatic  flows,  then  extended  to  the  variable  wall  temperature  case 
by  Curie  (Ref.  10).  Data  from  this  investigation  for  the  full  Mach  number 
range,  both  pitched  and  unpitched  are  compared  in  Fig.  31  with  the  results 
of  Ref.  3.  Although  it  is  evident  that  the  present  results  are  quite  effec¬ 
tively  correlated  using  the  Chapman-Curie  coordinates,  there  is  a  dis¬ 
crepancy  noted  between  them  and  those  of  Lewis  et  al.  It  is  observed 
that  the  present  results  show  less  tendency  to  approach  a  plateau,  but 
this  is  probably  of  minor  significance  since  the  domain  of  similarity 
should  not  extend  very  far  beyond  separation  (X  «  l,  2).  However,  the 
reason  for  differences  at  X  <  1.2  is  not  understood. 

4.1. 4.2  Comparisons  with  the  Lees-Reeves  Integral-Moment  Theory 

One  of  the  best  available  theoretical  methods  for  analyzing  a  shock 
wave  and  boundary -layer  interaction  in  adiabatic  flow  is  the  integral  - 
moment  theory  developed  by  Lees  and  Reeves  (Ref.  11).  A  computer 
program  to  solve  these  equations  was  developed  in  the  VKF,  and  was 
modified  to  account  for  the  effects  of  the  weak  viscous  interaction  up¬ 
stream  of  the  main  one  using  the  equations  given  in  Ref.  7.  A  unique 
solution  is  obtained  by  specifying  only  Mw,  Rec,  and  6.  The  beginning 
of  the  interaction  is  then  found  by  iteration  as  a  two-point -boundary 
value  problem  where  it  is  required  that  (1)  the  local  Mach  number 
gradient  be  zero  at  the  start  of  the  interaction  and  (2)  the  Mach  num¬ 
ber  on  the  ramp  be  convergent  to  that  corresponding  to  an  isentropic 
compression  through  an  angle,  6,  starting  at  Mw.  Without  any  loss  of 
generality  (Ref.  7),  it  was  assumed  that  the  viscosity  constant,  C,  was 
equal  to  one  for  the  calculations  presented  herein.  Although  the  value 
of  C  was  found  to  affect  the  scale  of  the  overall  interaction,  the  pressure 
gradients  were  noted  to  be  essentially  unchanged. 

A  comparison  of  theory  with  selected  data  at  Mw  =  6  is  provided  in 
Fig.  32  for  Reynolds  numbers  ranging  from  near  the  incipient  separation 
condition  (Rec  =  0.  06  million)  to  that  corresponding  to  a  significant  sepa¬ 
ration  (Rec  =  0,  50  million).  The  agreement  upstream  of  the  hinge  line  is 
considered  quite  satisfactory  although  it  may  be  observed  that  the  pres¬ 
sure  rise  measured  begins  farther  downstream  than  indicated  by  the 
theory.  There  appears  to  be  a  more  notable  discrepancy  in  both  the 
maximum  pressure  gradient  on  the  ramp  (x/ xc  >  1)  and  the  overall  pres¬ 
sure  rise,  although  the  two  are  obviously  related  one  to  the  other.  The 
agreement  on  the  ramp  is  best  at  the  highest  Reynolds  number  because 
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the  pressure  gradient  predicted  by  theory  changed  more  with  Reynolds 
number  than  did  the  data. 

Another  comparison  of  theory  and  experiment  is  provided  in  Fig.  33 
where  the  relative  upstream  extent  of  the  interaction  is  shown  as  a  func¬ 
tion  of  Reynolds  number.  Since  other  published  data  are  included  in  this 
comparison,  it  was  necessary  to  include  additional  theoretical  estimates 
at  ramp  angles  corresponding  to  the  range  covered  in  all  of  the  experi¬ 
ments.  It  is  obvious  from  this  figure  that  the  results  of  this  investiga¬ 
tion  span  the  broadest  range  of  Reynolds  number  yet  obtained  for  lami¬ 
nar  reattaching  flows.  Note,  for  example,  the  fall  off  in  the  results  of 
Ref.  3  at  Rc^  >  0.  2  million,  an  effect  which  is  typical  of  transition 
occurring  before  reattachment.  The  present  data  and  those  of  Ref.  5, 
by  their  general  agreement  (especially  the  trends  with  Rec)  with  respect 
to  theoretical  predictions,  show  that  laminar  flow  reattachment  is  feas¬ 
ible  at  low  hypersonic  speeds  for  ramps  of  at  least  11  deg  at  Reynolds 
numbers  up  to  1  million  with  adiabatic  wall  temperatures. 

A  crossplot  of  the  theoretical  results  in  Fig.  33  is  presented  in 
Fig.  34  to  illustrate  (1)  the  influence  of  ramp  deflection  angle  on  the 
upstream  interaction  scale  as  well  as  to  show  (2)  the  general  agree¬ 
ment  of  the  present  results  and  those  of  Refs.  3  and  5.  It  should  be 
noted  that  the  results  from  both  of  these  references  were  obtained  with 
aspect  ratios  which  must  be  judged  as,  at  least,  marginal  based  on  the 
present  results  (see  Section  4. 1.  3).  It  is  noted  that  although  the  data 
for  0  =  10  deg  (Ref.  5)  show  closer  agreement  with  the  theory,  they  are 
unexpectedly  high  when  compared  to  the  present  results. 

Another  comparison  of  the  longitudinal  pressure  distributions  de¬ 
rived  from  theory  and  experiment  are  presented  in  Fig.  35  for  the  three 
Mach  numbers  investigated  (unpitched)  at  a  constant  Reynolds  number. 

It  is  evident  again  that  the  theory  gives  the  most  discrepant  results  on 
the  ramp  and  that  the  magnitude  increases  with  Mach  number  increase. 
Nevertheless,  as  also  noted  previously  in  Ref.  5,  the  scale  of  the  up¬ 
stream  interaction  measured  is  remarkably  well  predicted  by  the  theory. 
An  alternate  presentation  of  the  effect  of  Mach  number  on  the  interaction 
scale  at  various  Reynolds  numbers  is  presented  in  Fig.  36,  and  it  is 
apparent  here  that  (1)  the  differences  between  theory  and  experiment 
and  (2)  the  general  variation  with  Mach  number  are  both  essentially  in¬ 
dependent  of  the  value  of  Reynolds  number. 

A  final  comparison  of  theory  with  experiment  is  given  in  Fig.  37 
where  data  obtained  with  the  model  pitched  are  also  included.  The  data 
obtained  with  the  model  pitched  are,  as  expected  from  the  discussions 
in  Section  4.  1.  2,  in  further  disagreement  with  theory  than  the  results 
obtained  at  a  =  0. 
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4.2  TURBULENT  FLOW  MODEL 

4.2.1  Boundary  Layer  Pitot  Pressure  Surveys 

In  order  to  establish  the  conditions  at  which  the  boundary  layer 
would  be  turbulent  sufficiently  far  upstream  of  the  hinge  line,  pitot  sur¬ 
veys  were  made  on  the  model  at  =  8  with  the  ramp  removed.  The 
boundary -layer  profiles  shown  in  Fig.  38a,  which  were  obtained  with 
the  model  pitched  to  provide  M,„  =  6,  indicate  that  the  boundary  layer 
was  turbulent  over  the  downstream  half  of  the  plate.  However,  with  the 
model  unpitched,  Mw  =  =  8,  the  profiles  in  Fig.  38b  indicate  that  the 

boundary  layer  was  more  nearly  transitional,  particularly  at  x/xc  =  0.  571 
which  was  near  the  expected  start  of  the  interaction.  Because  of  this 
indication  of  a  marginal  turbulent  flow  at  Mx  =  8,  all  subsequent  tests 
were  conducted  at  Mx  =  6.  The  Mach  number  profiles  shown  in  the 
above  and  succeeding  figures  were  calculated  by  assuming  the  static 
pressure  was  constant  through  the  boundary  layer  and  equal  to  the  value 
at  y  =  6,  consistent  with  the  Mach  number  derived  from  normal  shock 
tables  and  isentropic  external  flow.  The  value  of  6  used  to  calculate 
y/6  is  indicated  on  the  pitot  pressure  profiles. 

A  check  was  made  at  Mw  =  Mx  =  6  to  determine  the  effectiveness  of 
the  boundary-layer  trips.  While  these  boundary -layer  surveys  were 
made  with  the  30-deg  ramp  installed,  they  were  taken  upstream  of  the 
ramp-induced  interaction.  Surveys  taken  at  the  same  Reynolds  number 
and  station,  Fig.  39,  show  that  the  trips  were  quite  effective  in  obtain¬ 
ing  a  turbulent  boundary  layer.  Pitot  surveys,  which  were  taken  with 
the  1.0  aspect  ratio  model  pitched  to  obtain  Mw  =  4.  5  (Fig.  40),  show 
that  with  the  bound  ary -layer  trips  installed  a  turbulent  boundary  layer 
was  obtained  at  the  two  test  Reynolds  numbers  (Rec  =  6.  04  million  and 
9.  06  million).  While  these  data  were  obtained  with  the  35-deg  ramp 
installed,  the  surveys  were  made  upstream  of  the  interaction  region. 
Several  surveys  which  were  made  at  Mw  =  =  6  (unpitched)  are  shown 

in  Fig.  41.  These  data  show  very  little  difference  in  the  Mach  number 
profiles  for  the  different  aspect  ratios  at  Rec  =  6  million,  even  though 
one  of  the  surveys  was  taken  relatively  far  upstream  (x/xc  =  0.428). 

The  data,  for  even  the  lower  Reynolds  numbers  indicate  that  the 
boundary  layer  was  still  turbulent. 


77 


Flat  Plate  at  M, 


Sym 

Rec  x  10^ 

Re  x  10'6 

AR 

6,  dej 

o 

4.11 

0.571 

2.35 

2 

0 

□ 

4. 15 

0.714 

2.  96 

2 

0 

A 

4. 15 

0.950 

3.94 

2 

0 

AE  DC  TR  70  235 


Sym  Rec  x  ^  ^ 

X/Xc 

Re  x  10'6 

AR 

8,  deg 

Trips 

°  6.03 

0.714 

4.31 

2 

30 

On 

□  6.00 

0.714 

4. 28 

2 

30 

Off 

Solid  Symbols  =  Value  at  6 

Typical 


0  0.4  0.8  1.2  1.6  2.0  2.4  2.8 


(pf  /pt)w  x  102 

Fig.  39  Effect  of  Trips  on  Boundary-Layer  Profiles 


AFIm;  I  H  /(>  -.M*, 


Sym 

Rec  x  10  6 

x/xc 

Re  x  10‘6 

AR 

0,  deg 

o 

6.  03 

0.714 

4.31 

2 

30 

□ 

6.04 

0.714 

4.32 

1 

35 

0 

6.06 

0.428 

2.60 

1 

35 

A 

4.08 

0  714 

2.92 

1 

35 

(pt7pt)w  x  102 


Fig.  41  Effect  of  Reynolds  Number  on  Boundary-Layer  Profiles  at  M 


A E  DC  TR  70  235 


4.2.2  Influence  of  Model  Geometry  and  Local  Conditions 

Because  the  maximum  width  model  that  can  be  injected  into  the 
tunnel  is  approximately  28  in. ,  and  because  it  was  considered  that  the 
flat-plate  length  (to  obtain  turbulent  flow  sufficiently  far  upstream  of  the 
interaction)  was  required  to  be  at  least  14  in. ,  the  maximum  aspect  ratio 
was  essentially  limited  to  a  value  of  2.  As  a  result,  the  test  matrix  was 
limited  by  the  model  geometry  and  the  maximum  available  free -stream 
Reynolds  number.  On  the  basis  of  the  laminar  investigation,  it  was 
known  that  this  aspect  ratio  would  be,  at  best,  marginal  for  obtaining 
two-dimensional  flow,  especially  when  considering  the  larger  pressure 
differential  between  the  interaction  region  and  free  stream. 

Longitudinal  pressure  distributions  at  several  spanwise  stations  are 
presented  in  Fig.  42  for  the  two  aspect  ratios.  Data  for  AR  =  2,  which 
are  presented  in  Fig.  42a,  indicate  that  a  small  span  of  two-dimensional 
flow  was  present  on  each  side  of  the  centerline  because  the  longitudinal 
pressure  distribution  at  z/b  =  0.  161  agrees  with  that  on  the  centerline. 
However,  when  the  aspect  ratio  was  reduced  to  1  (Fig.  42b),  the  first 
longitudinal  row  off  centerline  again  was  in  very  close  agreement  with  the 
centerline,  but  the  extent  of  the  interaction  upstream  of  the  35-deg  ramp 
was  greatly  reduced.  These  data  indicate  that  there  must  have  been 
spanwise  outflow  in  both  cases,  although  there  was  an  area  near  the 
model  centerline  where  the  spanwise  pressure  was  uniform.  An  oil-flow 
photograph  obtained  by  applying  small  dots  of  a  mixture  of  silicon  oil  and 
titanium  dioxide  before  injection  of  the  AR  =  1  model,  Fig.  42b,  also 
shows  the  nonuniform  spanwise  separation  obtained  with  a  35-deg  ramp. 
Further  evidence  that  the  flow  was  not  two  dimensional,  even  when  the 
aspect  ratio  was  2,  was  obtained  when  upper  surface  side  plates  were 
installed.  Figure  43  shows  that  the  centerline  pressure  distributions 
were  markedly  changed,  with  side  plates  installed  for  both  aspect  ratios, 
thus  indicating  that  the  extent  of  the  interaction  was  reduced  because  of 
edge  effects.  Longitudinal  pressure  distributions  at  three  spanwise 
stations  are  shown  in  Fig.  44  with  the  model  pitched  to  achieve  a  lower 
local  Mach  number,  Mw  =  4,  5.  It  is  noted  that  the  first  off -centerline 
distribution  shows  less  agreement  with  the  centerline,  both  on  the  flat 
plate  and  on  the  ramp,  than  did  the  data  at  Mw  =  6  in  Fig.  42b.  This 
result  suggests  that  the  spanwise  outflow  effects  increased  with  Mach 
number  decrease;  however,  it  must  be  remembered  that  the  overall 
pressure  level  was  much  higher  relative  to  the  free  stream  when  the 
model  was  pitched.  The  effect  of  a  change  in  ramp  angle  on  the  turbu¬ 
lent  separation  is  shown  in  Fig.  45.  These  data  show  that  an  increase 
in  ramp  angle  of  only  5  deg,  from  30  to  35  deg,  caused  a  very  large  in¬ 
crease  in  the  extent  of  the  interaction.  The  data  also  indicate  that  the 
30-deg  ramp  caused  very  little,  if  any,  boundary -layer  separation  at 
these  conditions. 
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A  supplemental  measurement  was  made  to  determine  the  cause  of 
the  slight  increase  in  pressure  ratio  just  ahead  of  the  hinge  line  at 
0  =  35  deg  (note  data  at  x/xc  =  0.  99  in  Figs.  42a,  43,  and  44).  A  full 
span  vertical  "fence"  made  of  0.  005 -in.  shim  stock  was  installed  at  the 
hinge  line.  The  data  at  Rec  =  G.  0  million,  0  =  35  deg,  and  AR  =  1.0 
were  repeated  with  a  fence  height  of  0.  1  in.  and  0.25  in.  The  only 
effect  of  the  fence  was  found  to  be  a  slight  increase  in  the  pressure 
ratio  just  downstream  of  the  hinge  line  (x/xc  =  1,04)  and  a  slight  decrease 
in  the  pressure  ratio  at  x/xc  =  0.  99.  Thus,  it  is  reasoned  that  the  origi¬ 
nal  perturbation  in  pressure  may  be  associated  with  some  secondary 
separation  within  the  primary  recirculation  region  near  the  hinge  line. 

The  effect  of  a  change  in  Reynolds  number  on  the  centerline  pres¬ 
sure  distribution  for  a  35-deg  ramp  is  shown  in  Fig.  46.  These  data 
show  that  the  upstream  extent  increased  when  the  Reynolds  number  was 
increased.  However  this  trend  is  opposite  to  that  found  by  Thomke  and 
Roshko  (Ref.  12)  for  smaller  ramp  angles  at  Mw  *  4.  On  the  other  hand, 
data  of  Sterrett  and  Rmery  (Ref.  13),  which  were  obtained  by  varying  the 
plate  length  at  Mw  =  5.  8,  show  a  negligible  change  in  the  relative  extent 
of  the  upstream  interaction  when  the  Reynolds  number,  Rec,  was 
changed  from  7.4  to  12.  7  million.  More  measurements  are  required  to 
resolve  this  question  because  so  very  few  data  are  available  in  the 
literature. 

It  is  indicated  in  Figs.  42  through  46  that  the  peak  pressure  ratio  on 
the  ramp  never  reached  that  predicted  by  an  isentropic  compression,  but 
the  "asymptotic"  pressure  ratio  (as  defined  in  Fig.  19)  was  very  close  to 
that  predicted  by  the  oblique  shock  relations. 

A  summary  plot  of  the  spanwise  variation  of  the  extent  of  the  upstream 
interaction  for  the  35-deg  ramp  (both  aspect  ratios)  and  for  the  30-deg 
ramp  (aspect  ratio  of  2)  is  shown  in  Fig.  47.  In  the  same  way  as  for  the 
laminar  data,  the  relative  extent  of  the  interaction  is  presented  both  as 
a  function  of  (1)  the  relative  spanwise  location  and  (2)  the  absolute  dis¬ 
tance  from  the  outboard  edge  of  the  model.  These  data  show  that,  unlike 
the  laminar  models,  the  absolute  spanwise  distance  to  achieve  a  uniform 
interaction  was  not  a  constant  for  different  span  models.  However,  even 
though  the  spanwise  extent  of  the  interaction  was  constant  for  a  small 
distance  off  centerline,  with  the  aspect  ratio  2  model,  the  data  presented 
previously  with  side  plates  installed  indicated  that  there  may  still  be 
some  outflow  effects.  It  is  therefore  tentatively  concluded  that  an  aspect 
ratio  greater  than  2  is  required  to  obtain  turbulent  boundary -layer  sepa¬ 
rations  which  are  unaffected  (near  the  centerline  of  symmetry)  by  span- 
wise  outflow  effects. 
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a.  AR  ■  2 

Fig.  42  Effect  of  Spanwise  Location  on  Longitudinal  Pressure  Distribution 
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Fig.  43  Effect  of  Side  Plates  on  Longitudinal  Pressure  Distributions 


Fig.  44  Effect  of  Pitch  on  Longitudinal  Pressure  Distributions 
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b.  Shadowgraph  Pictures 
Fig.  45  Concluded 
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Effect  of  Reynolds  Number  on  Centerline  Pressure  Distribution 
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Fig.  47  Effect  of  Aspect  Ratio  on  Centerline  Extent  of  the  Turbulent 
Separation  Region 
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4  2.3  Companion*  with  Other  Experiments 

Tin-  peak  pressure  l  ist  ratio,  (pc.  -  |»-)/p-,  in  turbulent  flow,  like 
that  for  laminar  flow  separations ,  is  a  parameter  of  general  interest  in 
the  literature  on  supersonie  flow  separations  induced  by  either  steps  or 
ramps.  The  present  data  are  presented  in  Fig.  48  in  two  forms  plotted 
versus  the  Hey nolds  number  at  the  start  of  the  interaction  on  the  flat 
plate,  He-.  Included  in  this  figure  are  data  (obtained  with  forward- 
facing  steps)  which  are  provided  to  verify  the  =4.5  data  obtained  in 
this  investigation.  It  is  noted  that,  generally,  the  pressure  rise  ratio 
increased  with  Mach  number  increase.  However,  the  comparison  of  the 
correlation  of  the  plateau  pressure  coefficient  from  Ref.  8  with  these 
data  shows  rather  appreciable  differences  with  the  Mach  number  3  data 
of  Refs.  14  and  15.  It  is  noted,  however,  that  these  data,  particularly  at 
Mw  -  (i,  show  a  variation  with  Reynolds  number  in  substantial  agreement 
with  the  correlation  (Ref.  8). 

The  data  from  Fig.  48  are  compared  in  Fig.  4 13  with  the  two  most 
widely  referenced  correlations  of  the  plateau  pressure  coefficient  as  a 
function  of  Mach  number.  These  correlations  acknowledge  no  define- 
able  effect  of  Reynolds  number,  but  the  data  presented  arc  shown  to  fall 
within  the  range  between  these  correlations  at  the  Mach  number  where 
the  differences  are  the  largest.  The  agreement  of  the  present  test  data 
with  the  correlation  of  Ref.  13  is  excellent. 

In  an  attempt  to  provide  a  better  correlation  of  turbulent  separation 
data  in  the  ranges  just  considered,  the  peak  pressure  ratio  was  plotted 
in  the  form  shown  in  Fig.  50.  The  basic  difference  in  this  form  and  that 
of  Ref.  8  is  noted  to  be  in  the  Mach  number  function  which  is  considered 
a  relationship  more  appropriate  to  the  pressure  rise  dependence. 

Finally,  a  comparison  of  the  present  results  with  the  published  data 
for  the  upstream  extent  of  the  turbulent  separation  induced  by  ramps  is 
shown  in  Fig.  51.  The  upstream  extent  (xc  -  x§)  for  the  present  results 
has  been  nondimensionalized  by  the  value  of  boundary -layer  thickness  at 
xg,  which  was  derived  from  the  survey  data  presented  in  Fig.  41. 

The  data  of  Ref.  1G  were  originally  presented  in  this  same  non- 
dimensional  form,  whereas  the  data  of  Refs.  12  and  13  have  been  normal¬ 
ized  using  the  boundary-layer  survey  data  contained  in  each  report.  The 
data  of  Refs.  12  and  1C,  which  are  remarkably  consistent  considering 
the  vast  difference  in  Reynolds  number,  show  that  the  upstream  extent 
increases  with  ramp  angle  increase  but  decreases  with  Mach  number  in¬ 
crease  (up  to  about  Mw  =  4).  The  results  of  Ref.  13  are  especially 
interesting  because  they  show  that  the  upstream  extent  decreased  when 
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aspect  ratio  was  increased  (deereuse  in  flat-plate  length),  whereas  the 
present  duta  (which  were  obtained  by  increasing  the*  flat-plate  span) 
show  an  opposite  trend.  It  will  be  noted,  however,  that  the  present  data 
for  a  Reynolds  number  decrease  (AH  =  1.0)  show  the  same  trend  us  the 
data  of  Ref.  13  which  also  corresj»ond  to  a  Reynolds  number  decrease. 
These  data,  in  particular,  therefore  indicate  that  the  upstream  extent 
<xc  -  x-)  is  not  directly  scaled  by  6^  alone.  In  addition,  the  present 
data  for  AR  =2.0  indicate  that  the  upstream  extent  may  be  much  larger 
than  anticipated  from  the  trends  and  magnitude  previously  obtained. 
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Fig.  48  Comparisons  of  Present  Turbulent  Peak  Pressure  Ratio  on  the  Flat  Plate 
with  Published  Date 
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Fig.  51  Comparison  of  Present  Data  for  the  Centerline  Extent  of  the  Separation 

Region  with  Published  Data  Showing  the  Effect  of  Ramp  Angle  in  Turbulent 
Flow 

SECTIOM  V 
SUMMARY 


The  conclusions  and  results  of  particular  significance  derived  from 
this  experimental  investigation,  which  was  concerned  mainly  with  defin¬ 
ing  the  influence  of  flat-plate  aspect  ratio  on  ramp-induced  separations 
in  supersonic  adiabatic  flows,  may  be  summarized  as  follows: 

1.  The  region  of  nonzero  spanwise  pressure  gradients  in¬ 
board  of  the  tips  of  a  2.  5-in,  flat  plate  (chord)  was 
found  to  be  (a)  essentially  independent  of  span  variations 
and  (b)  equal  to  about  4  in.  for  laminar  reattaching  flows 
at  4.4  <  Mw  <  10.  It  is  concluded,  therefore,  that  a  flat- 
plate  aspect  ratio  of  the  order  of  3  is  required  to  be 
assured  of  negligible  effects  induced  by  the  finite  span. 

2.  For  turbulent  boundary  layers  before  the  separation  on 
a  14-in.  (chord)  flat  plate,  the  region  of  nonzero  span- 
wise  pressure  gradients  is  shown  to  have  extended 
almost  three  times  the  distance  (lb  above)  inboard  of  the 
tips  at  Mw  =  6.  It  is  indicated  by  the  results  that  even 
the  widest  turbulent  model  (2b  in.)  was  probably  not  free 
of  finite  span  effects. 
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3.  Pitching  the  laminar  flow  model  (2.5-in.  chord)  to  vary 
the  inviseid  Mach  number  approaching  the  ramp  was 
ascertained  to  have  no  defineable  influence  on  the  span- 

-e  pressure  gradient,  although  it  did  produce  small, 
yet  measurable,  decreases  in  the  relative  extent  of  the 
separation  region. 

4.  Whenever  vertical  side  plates  were  added  (to  restrict 
the  outflow),  it  was  noted  that  the  relative  extent  of 
separation  region  increased  all  the  way  to  the  center- 
line  of  symmetry  whenever  the  spanwise  pressure  gradi¬ 
ent  on  the  centerline  was  nonzero  before  the  addition  of 
the  side  plates. 

5.  Comparisons  of  calculations  made  using  the  Lees-Reeves 
integral-moment  theory  with  longitudinal  surface  pres¬ 
sure  measurements  on  the  laminar  flow  model  indicated 
the  following  points  of  difference  and  agreement: 

a.  The  extent  of  the  separation  region  in¬ 
creased  with  Reynolds  number  at 
essentially  the  same  rate  as  predicted, 
in  the  Reynolds  number  range  from 
about  0.06  million  to  1.0  million  (based 
on  flat -plate  length). 

b.  The  extent  of  the  separation  region  de¬ 
creased  with  Mach  number  increase  in 
the  local  Mach  number  range  from  about 
4.4  <  Mw  to  10,  in  general  agreement 
with  predictions. 

c.  Tue  extent  of  the  separation  region  was 
always  less  (no  more  than  about  20  per¬ 
cent)  than  that  predicted  by  theory. 

d.  Although  the  separation  pressure  gradient 
was  generally  in  agreement  with  theory, 
the  reattachment  (ramp)  pressure  gradi¬ 
ent  was  appreciably  greater  than  was 
predicted.  This  discrepancy  was  noted 

to  increase  as  the  extent  of  the  separation 
region  decreased. 
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APPENDIX  I 
TABLES 

TABLE  I 

INSTRUMENTATION  LOCATIONS 
a.  Laminar  Models  (Except  for  Aspect  Ratio  2.0),  xc  =  2.5  in. 
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at  x  •-  1.50,  H.50,  i.nd  12.50  in.  (total  of  nine). 
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TABLE  I  (Continued) 

h.  Turbulent  Models  and  Laminar  Model  of  Aspect  Ratio  2.0  (xc  =  14.0  in.) 
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TABLE  I  (Concluded) 

c.  Relative  Locations  of  Instrumentation  for  Each  Configuration 
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TABLE  III 

TEST  SUMMARY  FOR  TURBULENT  INVESTIGATION 
a.  Surface  Pressures 
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The  results  of  this  investigation,  which  should  be  of  greatest  general 
interest  to  specialists  in  the  field  of  flow  separation,  are  presented  in 
two  parts  in  this  Appendix.  The  first  part  (I)  contains  results  obtained 
with  the  widest  laminar  model  (xc  =  2.  5  in.)  at  zero  angle  of  attack  for 
each  Reynolds  number  and  Mach  number  at  which  tests  were  conducted. 
The  second  part  (II)  contains  results  obtained  with  the  turbulent  models 
(xc  =  14  in.)  at  the  conditions  listed  in  the  table  below. 
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The  key  linking  the  computer  tabulations  presented  herein  to  the 
nomenclature  of  the  body  of  this  report  is  as  follows: 
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